The contribution of salinity changes to sound speed fluctuations is often neglected in estimating the scattering cross section at high frequencies (Ͼ10 kHz). To examine when salinity might be important, an expression is formulated for the scattering cross section that includes salinity and an estimate of the cospectrum of temperature and salinity. Profiles from the southern New England shelf, the Bosphorus, and Puget Sound are used to estimate levels of as a function of depth and acoustic frequency. Salinity can increase by more than an order of magnitude, particularly at frequencies greater than 100 kHz, when salinity controls the density field. The cospectrum is expected to be large under the same conditions and can potentially negate strong scattering at lower frequencies. An f ϩ1 dependence of is expected over two decades in frequency when salinity controls density. Multifrequency acoustic systems may be able to distinguish biology and microstructure based on this spectral dependence.
Introduction
Studies of turbulent mixing in inshore waters and the coastal zone often make use of high-frequency backscatter systems to produce images of the water column. These unaliased images of the flow field provide invaluable information about the spatial structures being sampled. Examples of remarkable images can be found in Haury et al. (1983) , Farmer and Smith (1980) , Farmer and Denton (1985) , Armi and Farmer (1988) , and Wesson and , to cite a few. Uncertainty remains, however, about the nature of the scatterers and whether they are zooplankton, suspended particles, or turbulent refractive index fluctuations (Farmer and Smith 1980; Haury et al. 1983; Seim et al. 1995) .
It is now popular to use echosounding systems to make biomass estimates, assuming scattering models for various zooplankton (e.g., Holliday et al. 1989; Wiebe and Greene 1994) . A variety of plankton scattering models are in use (e.g., Stanton et al. 1994; Macaulay 1994 ) that assume differing shape and composition of the plankton. While in many instances it may be reasonable to assume that plankton are the dominant scatterers (e.g., when there is an obvious diurnal migration of the scatterers), there have been very few attempts to quantify the relative importance of the possible scatterers.
Several studies have suggested that measurable acoustic backscatter can be generated from turbulent refractive index fluctuations. Thorpe and Brubaker (1983) demonstrated experimentally that measurable backscatter was produced by temperature microstructure by towing a sphere in the thermocline of a lake and imaging its wake. They also measured elevated levels of naturally produced temperature microstructure where enhanced backscatter was observed but were unable to make a quantitative comparison. Goodman (1990) estimates the scattering strength due to turbulent refractive index fluctuations for a number of studies and finds that in many cases the predicted levels are quite large. Seim et al. (1995) compared microstructure measurements and calibrated backscatter values from large turbulent billows in a tidal channel and found reasonable agreement, but only at the level of the billows, and concluded that elsewhere in the water column biological scattering dominated. We are unaware of any studies that have simultaneously measured calibrated acoustic returns, biomass concentrations, and turbulence levels. Lacking such an attempt to close an acoustic backscatter budget, the issue remains unresolved. Models of backscattering from microstructure assume returns are dominated by scattering at the Bragg wavenumber k br ϭ 2, where is the acoustic wavenumber. The scattering cross section is then related to the level of the refractive index fluctuation spectrum at k br . Models of the turbulent temperature gradient spectrum are used to estimate the refractive index spectrum (Goodman 1990) . Significant backscatter at vertical incidence can result from reflection at a sound speed gradient but is important only when the acoustic wavelength and vertical scale of the gradient are comparable (Ewart 1980) . Because the pycnoclines discussed in this paper are at least 1 m in width and the acoustic wavelengths for frequencies greater than 10 kHz are less than 0.15 m, the amount of backscatter due to reflection is negligible. Between 1 and 10 kHz, reflection from 1-mscale pycnoclines may be important but is not considered further in this study.
Salinity controls the density in the nearshore environments where many of the internal hydraulic phenomena have been observed. Seim et al. (1995) find that the refractive index fluctuations due to salinity microstructure can be equal to that resulting from temperature microstructure at 200 kHz.
This article makes a more detailed examination of the role that salinity microstructure may play in determining the acoustic scattering budget. A formulation for the scattering cross section as a function of acoustic frequency that includes salinity is developed in section 2. This development includes an estimate of the cospectrum of temperature and salt. Three sites-two from inland straits (the Bosphorus in Turkey, and Admiralty Inlet in Puget Sound) and one from a continental shelf (the southern New England shelf )-are then compared. For each site we form the scattering cross section as a function of acoustic frequency and depth from representative profiles of temperature, salinity, and dissipation rates of turbulent kinetic energy (⑀) and temperature variance (). The magnitude and frequency content of the scattering cross section vary widely among these sites and suggest that scattering from salinity microstructure dwarfs that owing to temperature microstructure in regimes where salinity determines the density field.
Theory
The reader is referred to Goodman (1990) for a derivation of the relationship of scattering cross section to the refractive index fluctuation spectrum . We here start with the one-dimensional, one-sided spectrum of refractive index fluctuations
where T and s are the one-dimensional spectra of temperature T and salinity s and sT is their cospectrum. The coefficients a and b are the fractional change in sound speed c with temperature and salinity, respectively, defined as
The relative importance of temperature and salinity to sound speed variations can be examined by forming the ratio of a and b using the vertical gradients of T and s,
The magnitude of R provides a measure of the potential importance of salinity to the backscattered sound field. The temperature and salinity spectra and the cospectrum are assumed to be dominated by turbulence at the acoustic frequencies of interest (1-10 4 kHz). We use an inertial-convective model for wavenumbers less than k * ϭ (⑀/ 3 ) 1/4 /8, the peak of the transverse shear spectrum in the Panchev and Kesich model (Seim and Gregg 1994) , where is molecular viscosity; and a viscousconvective model to represent the scalar variance at higher wavenumbers:
, is the dissipation rate of scalar variance, D is the scalar diffusivity (for temperature, from this point on), and k is wavenumber. This model is similar to that originally proposed by Batchelor (1959) and approximately that proposed by Dillon and Caldwell (1980) . All wavenumbers are expressed in radians per meter except for plotting purposes where we use cycles per meter. The constants are A ϭ 0.925 and q ϭ 3.7; the value of q is that suggested by Oakey (1982) and we choose A so that the two spectra are equal at k * (cf. Dillon and Caldwell 1980) . This model is applicable in regions of energetic turbulence; a practical limit might be ⑀ Ͼ 10 Ϫ8 W kg Ϫ1 . When dissipation rates fall below this, as is often the case in the open ocean, the inertial-convective subrange is quite limited in bandwidth and may not be present at all (Dillon and Caldwell 1980) . The choice of the constants A and q is also uncertain: Gargett (1985) finds instances of very different values of q and estimates for the position of k * vary widely (see Dillon and Caldwell 1980; Seim et al. 1995) . The values used are believed to give reasonable estimates of the turbulent spectra for the cases presented in this study, but the model may need to be modified if applied in low-energy environments.
The cospectrum sT remains unmeasured. Similar to Washburn et al. (1996) , we estimate the maximum effect the cospectrum can have using the spectral inequality (Bendat and Piersol 1986) , Last, we relate refractive index fluctuations to the scattering cross section with (Seim et al. 1995) (4), (5), and (6) we can estimate given profiles of s, T, ⑀, and , where is now the dissipation rate of temperature variance. We also require an estimate of s , which, because of the small value of the molecular diffusivity of salt, remains unmeasured. Assuming the scalar dissipation rates are proportional to the square of the mean vertical gradients (Gregg 1984 ), we use s ϭ /␦ 2 . The resulting equation is
int where k int ϭ (5/3) 3/2 k * . Note that the cospectral terms (those containing ab) include ␦, which can be either positive or negative, depending on the local T-s relationship. To compare the contribution that individual terms make to we define the following terms:
T is temperature only (a 2 terms); sT is salinity and temperature (a 2 and b 2 terms); and sTc is salinity, temperature, and cospectrum (all terms).
Observations
Representative profiles from three sites are compared to examine the importance of salinity in generating acoustic backscatter. The profiles are from the Admiralty Inlet in Puget Sound [spring 1988 (Seim and , profile 54], the Bosphorus (fall 1994), and from the shelf off southern New England (Coastal Mixing and Optics cruise, fall 1996). The sites represent estuarine and coastal environments and should give some idea of the variability in scattering to be expected between these environments. Profiles are shown in Fig. 1 .
The profiles are, for the most part, stably stratified. The profiles have been averaged over 2-3 m so that vertical gradients (i.e., ␦) are reasonably well resolved. At the shelf site the density gradient is more uniform with depth than at the estuarine sites where a strong middepth pycnocline exists.
The dissipation rate profiles (Fig. 1) exhibit the broad dynamic range characteristic of these fields. For two of the datasets the estimates are preliminary, and in particular, for the Bosphorus may be underestimated because of probe response limitations (Gregg 1999) . To assess the quality of we compare the measured values with estimates based on
⑀st 2 N where the buoyancy frequency squared N 2 ϭ Ϫg/(‫/ץ‬ ‫ץ‬z), is fluid density, g is the acceleration due to gravity, z is the vertical coordinate and is positive upward, and we assume the mixing efficiency ␥ ϭ 0.2 (Gregg 1987) . Profiles of est and differ significantly at the main pycnocline in the Bosphorus, where est exceeds by as much as a factor of 10 ( Fig. 1) . At the other sites the measured and estimated values are in good agreement, especially for maximum values. At all locations maxima in occur where the mean temperature gradients are large. Values of are comparable for the New England shelf and Bosphorus, smaller for Puget Sound, and values of ⑀ are largest in the Bosphorus. In the analysis below we use est for the Bosphorus data because of the potential problems associated with the probe resolution.
Plots of ␦ for the sites indicate the relative importance of salinity and temperature to the vertical density gradient (Fig. 1) . Temperature determines the density field in the upper portion of the water column on the New England shelf and leads to large values of ␦. Below this a consistent T-s relation gives values of ␦ from Ϫ5 to Ϫ10. In the Bosphorus Ϫ1 Ͻ ␦ Ͻ 0 over the entire water column, reflecting the large vertical changes in salinity often observed in inland waters. For Puget Sound, ␦ is small over the entire water column, reaching a minimum near 30 m in a thermostad. Also plotted in Fig. 1 are the profiles of R . They closely follow the vertical variations of the ␦ profiles but the values are roughly a factor of 2 larger, reflecting the greater importance of temperature in determining sound speed. Despite this, Ϫ3 Ͻ R Ͻ 0 for the Bosphorus and Puget Sound. Salinity structure is as important as temperature in determining sound speed variations in the estuarine environments.
Predicted scattering cross sections
The scattering cross section as a function of acoustic frequency, as given in (7), is plotted in Fig. 2 for three values of ␦ to demonstrate the potential variability in the spectrum. The T spectrum cuts off near the acoustic frequency corresponding to k d , the diffusive cutoff wavenumber of temperature (Fig. 2) . Including salinity ( sT ) increases the bandwidth of by about a factor of 10. For ␦ ϭ Ϫ5 (a value representative of the shelf) the scattering is much weaker at these frequencies, but not necessarily negligible, and leads to a ledge at 100-1000 kHz in the spectrum. For ␦ ϭ Ϫ0.2 (representative of an estuary) the salinity contribution dominates and shifts the spectral maximum to frequencies 10 times that of the T spectrum. The increase in scattering cross section at high frequencies can be dramatic. The frequency of peak response is strongly affected by the magnitude of ⑀, as will be apparent from the examples below.
The effect of the cospectrum is illustrated in Fig. 2b . For |␦| k 1, the cospectrum is small and its principal influence is to introduce a narrow notch near f (k d ), where f (x) ϭ c o x/(4) is the frequency (in Hz) corresponding to wavenumber x (in rad m Ϫ1 ). For |␦| Ͻ 1 the cospectrum is nearly as large as the combined temperature and salinity effects. Below f (k int ), the level of the inertial-convective subrange is significantly reduced. When |R | Ͻ 1, the impact of the cospectrum gradually decreases above f (k int ) and near f (k d ) the cospectrum falls to zero. When R ഠ Ϫ1 (the ␦ ϭ Ϫ0.5 case), the cospectrum equals the sum of the temperature and salinity spectrum in the viscous-convective subrange and a deep notch develops at these frequencies.
We estimate the maximum effect of the cospectrum, and it is unlikely that a perfect correlation is maintained as the diffusive scales for temperature are approached (Washburn et al. 1996) . For large ␦ the narrow notch is unlikely to be observed because it occurs at scales where diffusion destroys gradients in temperature. For small ␦, and, in particular for R ഠ 1, there may be a significant drop in because the notch occurs at larger scales.
The dependence of the importance of the cospectrum on ␦ can be explained by examining (7). for example, the term in parentheses is a quadratic expression a 2 ϩ 2ab/␦ ϩ b 2 /␦ 2 : zeros occur where a ϭ Ϫb/␦. In general a Ͼ b, and they are of the same sign, so only when Ϫ1 Ͻ ␦ Ͻ 0 can the cospectrum become large enough to cancel the contributions from the temperature and salinity spectra.
Forming as a function of both frequency and depth reveals remarkable variability in the scattering cross section (Figs. 3-5) . In each figure, contours of T , sT , and sTc are compared. Only regions where Ͼ 10 Ϫ11 m
Ϫ1
are contoured. This corresponds to scattering strengths S ϵ 10 log Ͼ Ϫ110 dB, a cutoff somewhat below minimum measurable levels (Goodman 1990 ). Levels of vary by orders of magnitude in the vertical owing to variations in , ⑀, and ␦. Including salinity ( sT ) extends the frequency range of measurable by roughly a factor of 10 above the temperature-only case ( T ). For the shelf site (Fig. 3 ) the extension of measurable to higher frequencies occurs only over a limited depth range where and ⑀ are large and ␦ is at a minimum. Elsewhere, including salinity makes no obvious change in the levels of
Contours of as a function of depth and acoustic frequency for the Bosphorus. Panels are as in Fig. 3 . Small ␦ causes the inclusion of salinity to dramatically alter . The cospectrum introduces deep, narrow notches near f (k d ), where R ഠ Ϫ1.5.
because |␦| Ն 5. Predicted levels of are modest, the maximum values corresponding to a S of Ϫ90 to Ϫ80 dB in the main pycnocline on the New England shelf.
Including the cospectrum ( sTc ) for the coastal site alters little. Levels of are slightly smaller and the only noticeable effect is a small dip in values between the peak response due to temperature and that due to salinity.
Quite the opposite is true for the Bosphorus and Puget Sound. Including salinity in the calculation of increases S by 1-10 dB at frequencies less than f (k int ). The increase is greatest below 40 m in the Bosphorus, where R falls below 0.5 (Fig. 1) . Between f (k int ) and f (k d ), increases by 2-20 dB at both sites. Above f (k d ), the increase is tremendous. Maximum levels of occur at frequencies of 1 MHz and higher, a consequence of very large ⑀ values. The maximum S for the Bosphorus is Ϫ57 dB, which is quite a large scattering strength.
The cospectrum has a much more noticeable effect at the estuarine sites than at the coastal site. Puget Sound is most strongly effected because R ഠ Ϫ1 below 35 m. The strong returns below f (k d ) predicted for sT are negated by the cospectrum in the contours of sTc (Fig.  5) . ␦ in Puget Sound shifts maximum into the megahertz range, as compared to 100 kHz for the shelf. Despite comparable ␦, the higher levels of ⑀ in the Bosphorus, relative to Puget Sound, shift maximum to even higher frequencies, about 5 MHz. Since k d ϰ ⑀ 1/4 , a 100-fold increase in ⑀ leads to about a 3-fold increase in frequency of maximum .
Summary and discussion
Using observations from coastal and estuarine environments we predict that the magnitude and frequency dependence of the scattering cross section is strongly affected by salinity stratification. Our results assume a ''Batchelor'' spectrum of salt and that the dissipation rate of salinity variance is proportional to the square of the ratio of the mean salinity and temperature gradients times the dissipation rate of temperature variance. There have been no measurements of s or a Batchelor spectrum of salt, but measurements of and the associated viscous-convective subrange of temperature abound and there is no reason to suspect our assumptions are ill-posed.
When |R | Յ 1 the salinity contribution to the scattering cross section is equal to or greater than the tem-
cies the salinity contribution dominates scattering and extends the frequency range by roughly a factor of 10 over that of a temperature-only spectrum. Neglecting the contribution of salinity in salt-stratified environments will lead to severe underestimation of the scattering strength at high frequencies.
The scattering cross section increases as f ϩ1 between f (k int ) and f (k ds ) in this case. This is in contrast to the frequency dependence of T : the viscous-convective subrange of temperature is too limited in bandwidth to display a true f ϩ1 region. For very energetic turbulence, strong scattering can be expected to frequencies in excess of 10 MHz. The frequency dependence over a wide bandwidth may provide a method for distinguishing microstructure scattering from biological scattering.
In the very instances where salinity microstructure can enhance scattering, the cospectrum may act to reduce scattering. When ␦ is negative (either a diffusively stable or layering-favorable system) the cospectrum reduces the level of the refractive index spectrum: only for salt-fingering-favorable situations does the cospectrum increase the refractive index. The magnitude of the cospectrum depends sensitively on R ; its maximum effect occurs for R ϭ 1. When R Ͻ 1 the maximum effect occurs in the inertial convective subrange, while for R Ͼ 1 the maximum influence shifts to higher frequencies in the viscous-convective subrange for temperature. The results for large R suggest the notch narrows and deepens as R increases, but this is unlikely because it relies on a perfect correlation between salinity and temperature at the diffusive scales for temperature.
The cospectrum only effects frequencies less than those corresponding to k d . Higher frequencies are unaffected, and we come to the curious result that salinity suppresses scattering at frequencies conventionally associated with temperature microstructure, and greatly enhances scattering at higher frequencies, up into the megahertz range.
The images produced by high-frequency systems have proven invaluable in understanding the processes generating intense turbulence in coastal waters. The high levels of S that microstructure can generate suggest that the images may in fact reveal the spatial distribution of scalar dissipation. If so, then acoustic backscatter measurements provide a unique and economical method to study spatial organization of turbulence. Confirmation of this intriguing possibility would certainly enhance the value of echosounding images to students of small-scale physical processes.
Multifrequency acoustic systems may be capable of distinguishing biology and microstructure in backscatter images based on spectral signatures. Validation of this ability will require accurate, simultaneous measurement of ⑀, , and , some confirmation of the viscous-convective subrange of salt, and zooplankton concentration measurements. The sampling requirements make this a daunting challenge, but the insight to be gained certainly will make the effort worthwhile.
